Summary The effect of electromagnetic induction (EMI) on impulse conduction and muscle contraction was studied in isolated sciatic nervegastrocnemius muscle preparation of the frog. Electrical stimulation (ES) of the sciatic nerve, at 0.5 Hz with 0.6 V (supramaximal) and 1-ms pulse duration, produced twitch contractions (3.5 + 0.4 g tension, mean + SE., n = 8 frogs), which were reduced or blocked by EMI, applied to the nerve via an induction coil, from a d.c. source of l.5-4V, at a frequency of 100 min-', for 2-to 4-min duration. Recovery of the blocked twitches was obtained within 4-5 min, after the cessation of the EMI and washing out the preparation in Ringer solution. The inhibition of the twitch tension by EMI was compared to that produced by an effective concentration of a local anaesthetic, lignocaine (1pM), which is known to block conduction, by blocking ionic fluxes across the nerve membrane. It is possible that EMI also interferes with the ionic fluxes, and in prolonged duration, may produce changes in the myelin sheath (or the Schwann cells) of the nerve membrane. A comparison of ES with EMI was made, and it was concluded that EMI inhibited electrically induced neuromuscular transmission at the frog neuromuscular junction.
So far, only the stimulatory effects of the EMI have been reported, and the purpose of the present investigation was to see if EMI produced inhibition in a peripheral nerve, as opposed to its central excitatory action. If EMI produced nerve conduction blockade, can this effect be compared to that produced by a local anaesthetic action ? If so, what is the mechanism of action of the two different types of blockade? The present study sought to shed some light on the above questions, using a nerve-muscle system of the frog as a model.
A preliminary account of this paper was presented at the British Pharmacological Society meeting (BRAIN and WALI, 1988) .
The frog sciatic nerve-gastrocnemius muscle preparation was dissected and set up in an organ bath containing 100 ml of Ringer solution. The preparation and the apparatus used is shown in Fig. 1 .
The nerve trunk was passed through an induction coil (copper coil: 20-100 turns, 0.5 mm diameter, and 0.6 SZ). The induction coil was wound on a P.V.C. tube (inner diameter, 2 mm). The nerve trunk was moistened with Ringer solution. The gastrocnemius muscle was laid in the organ bath, one end was pinned, while the other was attached, via a thread, to a force-displacement transducer. The temperature of the Ringer solution was monitored throughout the experiment (22-25°C).
A pair of stimulating electrodes (Ag/AgCI) was placed on a part of the sciatic nerve, just outside the induction coil, and the nerve trunk was stimulated, electrically, at 0.5 Hz with 0.25-0.6 V (supramaximal) and 1-ms pulse duration. The pattern of electrical stimulation (ES) was interrupted by a period of electromagnetic induction (EMI), at a frequency of 100 min-1, from a d.c. source of 1.5-4 V, for 2-to 4-min duration, via a make-and-break switch (Fig. 1) . The effect of this induced current (by EMI), produced within the coil surrounding the sciatic nerve, on impulse conduction and muscle contraction, was studied.
In a separate set of experiments, the effect of a local anaesthetic, e.g., lignocaine (1 µM), on impulse conduction, in the absence of EMI, and on muscle twitch tension, Fig. 1 . The preparation. The frog sciatic nerve-gastrocnemius muscle. The nerve trunk was passed through an induction coil, in circuit with a d.c. source of 1.5-4 V and operated via a switch. The nerve was also electrically stimulated, and this was interrupted by a period of electromagnetic induction. The muscle twitch contractions were recorded isometrically (see text for more details). was also studied. The concentration of lignocaine used was an effective concentration, i.e., derived from a concentration-effect curve, and it blocked more than 50% of maximum twitch contraction. The contractile responses produced by ES were recorded isometrically, using a force transducer (D1 50 g) and a Washington pen recorder (model 400 MD 2C, Palmer-Bioscience, U.K.). When no induced current was evoked, the ES produced stable and reliable twitch contractions, which remained fairly constant for several minutes (Fig. 2a) . However, in the presence of EMI, the twitch heights declined and a complete inhibition was obtained (Fig. 2b) . The difference between the heights of the twitches in the pre-EMI and during EMI was calculated (mean + S.E., n = 8 frogs), and Student's t-test was employed to determine the significance of difference between paired sets of results. A probability of p = 0.05 or less was considered significant. The effect of EMI on sciatic nerve histology was studied, in another set of experiments, by examining the changes which had occurred in the nerve and cell membrane, using a scanning electron microscopy. Figure 2a shows that in the absence of EMI, electrical stimulation (ES) produced a reliable, repeatable, and a fairly constant amplitude of indirectly elicited twitch tension (3.1 g in this experiment). However, when current was induced via operating the switch, from the d.c. source of 1.5-4 V, for a few minutes, the twitch contractions were reduced, after a latency of about 15 s, and they were completely blocked in about 2 min. The inhibition was reversed, after the cessation of the EMI, and recovery of the twitches occurred within a few minutes. Complete recovery occurred within 5-6 min (not shown in Fig. 2b ). Figure 3 shows the effect of EMI on twitch tension during a period of EMI of 160-s duration. As can be seen, the twitch tension was fairly constant, for the first 20s or so; thereafter, it declined sharply with increasing duration of the EMI, and a complete inhibition of the twitch tension occurred within 2 min. The time taken to produce 5000 maximum inhibition of twitch tension was 80±5s (mean + SE., n = 8 frogs).
Lignocaine (1 µM) reduced the amplitude of the control twitch tension (3.6 g) to Fig. 3 . Effect of electromagnetic induction (EMI) on twitch tension with respect to EMI duration. EMI reduced the twitch tension, progressively, with time. However, EMI had little effect on twitch tension in the first 20s or so; thereafter, the twitch tension declined sharply with time, until a complete blockade was obtained in about 3 min. Each point is a mean ± S.E. of eight frogs. The arrow points to the time at which 50% blockade of the twitch tension occurred (see text for details).
1.0 g tension, in 4 mm, i.e., a reduction of about 72°c of the control twitch value (not shown). The concentration-effect relations of lignocaine-induced blockade of the twitch tension is not shown, but the mean concentration which produced 50% maximum twitch inhibition was 0.8 + 0.1,uM (mean ± SE., n = 8 frogs), and hence 1 µM was quite effective in reducing the twitch tension. When comparing the effects of EMI with lignocaine, it was shown that 95 blockade, by EMI, was obtained in about 1 min, whereas only 72°c blockade was produced by lignocaine in 4 min, and hence the effect of EMI was more pronounced than that of lignocaine. It was then thought that EMI might have some other action, e.g., toxic effect, or causes damage to the sciatic nerve. For this reason, the study of the histology of the sciatic nerve became important (Fig. 4) , using scanning electron microcopy (cross sections of sciatic nerve were studied). As can be seen, EMI had produced some effect on the myelin sheath, producing vacuoles, or lesions in the Schwann cells (see Fig. 4a and b, the white spots in Fig. 4b ). However, further examination revealed that there was very little effect of EMI on the unmyelinated nerves (seen in the middle of Fig. 4b ). In contrast, the control record (Fig. 4a) showed no apparent vacuoles (or holes) within the nerve membrane, and hence the appearance of vacuoles indicated a transient effect (lesion or damage) to the nerve membrane (in Fig. 4b) , which was reversed easily after the cessation of the EMI. These effects are discussed below.
Magnetic stimulation, or time-varying magnetic field, has been used, especially in the CNS, to induce current in the vicinity of a nerve, and thus stimulating it. Magnetic stimulation has some advantages over the electrical stimulation, in that the former causes no direct damage to the nerve cell, i.e., it is a non-invasive method (MAAS and ASA,1970; HALLGREN,1973) . PoLsoN et al. (1982) have stimulated three major nerve trunks of the arm, and recorded the electromyograph (EMG), and the twitch contractions of the thumb. It was noted that the sensation produced by electrical and magnetic stimulations differed, in that magnetic stimulation was not painful, and produced a "tingling" sensation, which appeared to arise from the thumb, index, and middle fingers. Electrical stimulation, on the other hand, produced a much more severe "stabbing" sensation, which arose from beneath the stimulating electrodes. Magnetic stimulation, appears to have another advantage over the electrical stimulation, in that the current applied is from an external source (d.c., or battery) resulting in no charge being stored in the tissue. Charge-storage artifacts do appear with electrical stimulation which penetrate deep into the tissue, causing damage to the cell membrane.
In the present investigation, EMI clearly inhibited impulse conduction and muscle twitch contraction, in the frog neuromuscular system, but these effects were reversible, i.e., no permanent effect or damage had occurred to the nerve, at the frequency and voltage used. Thus, the vacuoles which appeared in the myelin sheath disappeared as soon as the EMI was discontinued, and hence permanent damage or effect did not occur. Hence, a full recovery from conduction block, by EMI, was vacuoles, in the present study, but we were able to show the disappearance of these vacuoles, or the re-appearance (not shown) of these vacuoles, in the absence and presence of EMI, in the frog nerve. However, if the period of EMI exposure was prolonged (from 2 min to 4 min or more), the histological changes became permanent, and this showed a failure in the recovery process, i.e. conduction block was not reversed, and hence twitch contractions did not recover. Under these circumstances, the preparation was discarded. The inhibition, by EMI, of nerve conduction, for short periods of exposure, appears to be primarily due to an interference with the ionic fluxes across the nerve membrane, thereby blocking the initiation and propagation of the nerve compound action potential, in a manner similar to that produced by a local anaesthetic action, e.g., lignocaine. However, during long exposure to EMI, other changes might occur, e.g. membrane disruption and toxic effects, which might affect the membrane permanently, i.e., it may cause permanent damage to the cell membrane.
We were interested in the effect of EMI, applied for short durations (less than 2 min); this produced desirable effects, such as those obtained with the action of a local anaesthetic (SCURLOCK et al., 1978) .
Well-known examples of EMI uses are in the treatment of acute diseases, e.g., in the treatment of defibrillation, abolition of cardiac arrhythmias, and in extracorporeal pacemakers (KouN et al. 1959; OBERG, 1973) . The potential advantages of EMI are that it is pain-free, non-invasive, suggesting that a further development of this technique will prove to be fruitful in both clinical and experimental situations. Studies on individual axons, i.e. at the cellular level, as well as experiments with magnetic stimulation of nerve bundles, with simultaneous recordings of action potentials, are necessary to shed further light on the basic mechanisms of EMI and its application in biology and medicine.
